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Abstract 
Monolithic ZrB2ǃAlN, and ZrB2/AlN multilayered coatings have been synthesized by ion beam assisted deposition 
at room temperature. Scanning electron microscopy, X-ray diffraction, XP-2 profiler and nano indenter were 
employed to investigate the influences of modulation period and N+ bombarding energy on microstructure and 
mechanical properties of the coatings. Most of multilayered coatings revealed higher hardness and elastic modulus 
than the rule-of-mixtures value of monolithic ZrB2 and AlN coatings. N+ bombardment at 300 eV resulted in 
ZrB2/AlN multilayered coating the highest hardness (31.2 GPa) and elastic modulus (372.2 GPa). This hardest 
multilayer also showed the improved residual stress and fracture resistance. These improved performances are likely 
a result of more efficient momentum transfer to the deposition particles due to the proper N+ bombarding energy. 
PACS:78.67.Pt,62.20.Qp,81.15.Jj; 
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1. Introduction  
Multilayer coatings made of borides, nitrides, and carbides, exhibiting high hardness, corrosion resistance, wear 
resistance and adhesion properties, have been developed and applied to various kinds of industries for the past 
decades [1-5]. Among them, zirconium diboride and aluminum nitride display a number of unique properties, such 
as high melting point, high hardness, excellent corrosion resistance against molten iron, super thermal shock 
resistance, and high resistance to oxidation at elevated temperatures. It is believed, therefore, that combining ZrB2 
and AlN into a composite material might yield a combination of excellent mechanical and high temperature 
properties. Its potential applications could be jet engine parts, armor plates, cutting tools, hypersonic vehicles, 
furnace elements, crucibles, nozzles, and plasma arc electrodes [6-8]. 
However, both ZrB2 and AlN available monolithic materials largely limit the properties and performance of hard 
coatings due to predominant columnar grain growth and compressive stress accumulation with the increase in the 
film thickness that lead to brittle fracture, delamination, and plastic deformation in application [9-11]. In order to 
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overcome this problem and create new materials, we may combine both of them to accomplish a combination of 
desirable properties of its constituents and enhance related properties. In our previous works [12,13], we synthesized 
ZrB2-based multilayered coatings and revealed superior mechanical properties. The aim of this work is to deposit 
nanoscale ZrBB2/AlN multilayered coatings with different modulation periods (ȁ) by N  bombardment using ion 
beam assisted deposition (IBAD) system in order to understand the relation between the structure and properties. 
+
2. Experimental details 
IBAD system with two ion sources, one rotatable sample holder, and one rotatable target holder was used to 
synthesize multilayered coatings. The description of the IBAD system and sample cleaning process can be found in 
our previous article [14]. The ZrB2 and AlN targets were sputtered alternately by Ar+ beam (1.3 KeV, 25 mA) to 
deposit monolithic and multilayered coatings. One series of ZrB +2/AlN multilayers possessed different ȁ without N  
bombardment. Another series is ZrB2/AlN coatings with a constant ȁ bombarded by N+ beam simultaneously at 
different bombarding energies ranging from 100 to 500 eV.  
The cross-section of the multilayers was examined by a field-emission scanning electron microscopy (SEM, 
Hitachi 4800, Japan). A D/MAX 2500 diffractometer used for crystallinity analysis was operated with Cu KĮ 
radiation at 1.54056 Å. Residual stress generated during the coating growth process were calculated according to the 
curvature measured using an XP-2 profiler. The hardness and elastic modulus of the coatings as a continuous 
function of depth from a single indentation were obtained by the continuous stiffness measurement (CSM) technique 
using a Nano Indenter XP system. This system was also used to perform scratch test. In this test, the maximum load 
was up to 80 mN in order to measure fracture resistance. 
3. Results and discussion 
 Fig.1 shows the low-angle XRD pattern of ZrB2/AlN multilayer. The clear superlattice peaks indicate the 
existence of compositional periodic structure in this multilayer. From the orientation peaks in terms of Bragg’s law, 
the ȁ is calculated to be about 7.6 nm. Multiple reflections in this figure show that ZrB2/AlN coatings possess 
relatively sharp and flat interfaces and distinct layer structure. Cross-sectional SEM image from identical ȁ 
multilayer synthesized at 300 eV N+ bombardment gives a direct information of existence of a well-defined 
composition modulation and layer structure of the multilayer. The light and dark colored layers are ZrB2 and AlN, 
respectively.  
 
/AlN coating Fig. 1  Low angle XRD pattern and cross-sectional SEM image for ZrBB2
  Fig.2 gives the high angle XRD patterns of monolithic and multilayered coatings. From Fig.2, monolithic AlN 
and ZrB2 layers reveal typical hexagonal structure. AlN layer has strong (100) orientation with a weak (101) peak. 
The ZrB2(001) and (100) preferred orientation with a weak ZrB B2(101) peak can be found in ZrB2B  layer. Besides, a 
weak Zr(110) is found in ZrB2 layer owing to recombination of B- and Zr2+ when sputtering. We note that the weak 
ZrB2(101), AlN(101) and Zr(110) are found in the multilayered structures (ȁ=14.1 nm). ZrB2(001), (100) and 
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AlN(100) textures become stronger and broader in the multilayers than those in monolithic ZrB2 and AlN coatings. 
This structure change is due to both periodic insertion of ZrB2 and AlN each other limits their larger grains to grow, 
and the formation of large number of small grains. It is well known that the grain sizes can be estimated using the 
position and full-width at half-maximum (FWHM) in XRD patterns. The smaller the grain size is, the broader the 
FWHM is. Therefore, the multilayer indicates smaller ZrB2(001), ZrBB2(100) and AlN(100) grain sizes than the 
monolithic ZrB2 and AlN coatings. On the other hand, N  bombardment to the resulting coating with ȁ=7.6 nm 
induces crystal structure change. At 300 eV, ZrB2
+
B (001), (100) and AlN(100) textures become further stronger. This 
may be related to N+ energy transfer to the growing ZrB2/AlN coating. It indicates that atoms neighboring the 
collision site can acquire energy for mobility enhancement. When this enhancement is sufficient to overcome 
surface diffusion barrier, the growing particles might sufficiently migrate to the preferred sites for crystallization 
growth. 
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Fig. 2  High angle XRD patterns of ZrB2/AlN coatings with different modulation ratios and N  bombarding energy of 300 eV +B
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 Fig. 3  Residual stresses of the ZrB /AlN coatings vs. ȁ and bombarding energy 2
 We all know that high residual stress is the main reason of coating delamination and plastic deformation. 
Reduction of residual stress in coatings is a key factor improving their industrial applications. Fig.3 indicates 
monolithic ZrB2 and AlN coatings possess relatively high residual stress, i.e. compressive stress. Their values are 
nearly up to 2 GPa. However, all multilayered coatings exhibit lower compressive stresses than the values of two 
monolithic coatings. The lower compressive stress is, the smaller ȁ is. A possible mechanism is that the periodic 
mixture of AlN and ZrB2 layers suppresses the grain sizes growth in the constituent layers, which helps to release 
stress build in the constituent layers. Defects in volume are more easily diffuse to or cross the ZrB2/AlN interfaces 
and relieve their strain fields when diffusion distance is decreased. So, small modulation period multilayers show 
much more obvious decrease in compressive stress than larger period coatings. In addition, N+ bombarding energy 
during deposition also affects residual stress change of the multilayers. Higher energy bombardment can force 
deposition atoms to keep stable states, associating with the low stress. The lowest stress is down to about -0.9 GPa. 
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Fig. 4  Hardness of the ZrB2B
2
/AlN coatings vs. ȁ and bombarding energy
+Fig.4 shows the hardness of ZrB2/AlN as well as monolithic ZrB2 and AlN coatings as a function of ȁ without N  
bombardment. Hardness of the coatings increases at first and then decrease with increasing ȁ. The maximum 
hardness (23 GPa) for ȁ=14.1 nm is higher than the rule-of-mixtures value of monolithic ZrB2 and AlN coatings. 
The nature of the multilayered modulation and interfaces is critical to the hardness increase, because sharp 
ZrB2/AlN interfaces can produce barriers to dislocation glide and columnar grain growth across layers. Besides, in 
the process of epitaxial growth, alternating stress field caused by interfacial coherent strain is another reason for 
hardness enhancement. Of course, a mixed texture of strong ZrB2(001), (100), AlN(100) also gives a contribution to 
hardness increase. It hints from XRD result that the grain sizes of ZrB2(001), (100) and AlN(100) become smaller 
for the multilayers due to larger full-width at half-maximum, which are beneficial for hardness increase according to 
Hall-Petch relationship [15]. 
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Fig. 5  Elastic modulus of the ZrB /AlN coatings vs. ȁ and bombarding energy2
A significant effect of N+ bombarding energy on hardness is seen from Fig.4 for the multilayer with a constant ȁ 
of 7.6 nm. N+ bombardment results in an obvious increase in hardness for all the multilayers without N+ 
bombardment. This is as a result of the fact that N+ energy provides atomic mobility for deposited atoms to reach 
sites, which are conducive to a densely packed structure, leading to densification of the microstructure. Meantime, 
we suppose that bombarding energy contributes to the formation of large number of smaller grains with nanoscale 
size, enhancing hardness. Besides, optimum bombarding energy is beneficial to crystalline growth which further 
improves greatly mechanical properties of the multilayers. The maximum hardness is over 31 GPa at 300 eV N+ 
bombardment. The decrease in hardness at high bombarding energy (for example 400 eV) is likely a combination of 
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an increase in defect density due to radiation damage and an increase in interface atomic mixture under high-energy 
ion bombardment. 
     All elastic modulus of the coatings are shown in Fig.5. The explanation for modulation period and bombarding 
energy dependences of hardness of the coatings is also suitable to elastic modulus. 
(s)  In scratch test, the critical load of scratch Lc , indicating the start point of abrupt changes in scratch-scan 
profiles, is a key factor of fracture resistance for coatings. The L (s) of monolithic AlN and ZrBc 2 coatings are 3.8 and 
6.5 mN respectively. However, the multilayer synthesized at N+ (s)300 eV displays a about ten times Lc  value than 
monolithic coating. Its value is up to 57 mN (Fig.6). This hardnest multilayer with highest critical load also shows 
the deepest the corresponding penetration depth (D (s)c ) of the tip at the abrupt change start point. Thus, the 
multilayer exhibits the higher indentation fracture resistance, which may be interrelated with its lower inherent 
residual stress, higher hardness, and higher plastic recovery. So, a proper N+ bombarding energy during deposition 
of ZrB2/AlN multilayers can improve dramatically fracture resistance. 
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Fig. 6  Surface profiles of the scratch-scan and post-scan on AlN, ZrB  and ZrB /AlN coatings2 2
4. Conclusion 
The influence of modulation period and N+ bombarding energy on structure and mechanical properties of 
ZrB2/AlN coatings was investigated in order to increase the understanding of multilayered coatings. This work 
proved that IBAD can produce nanoscale ZrB2/AlN multilayered coatings with high hardness, fracture resistance, 
and low compressive stresses by controlling modulation period. N+ bombardment during multilayer deposition can 
induce a significant enhancement in mechanical properties. When bombarding energy was 300 eV, ZrBB2/AlN 
multilayer with ȁ=7.6 nm possessed the highest hardness (31.2 GPa), elastic modulus (372.2 GPa), and critical load 
(57 mN). 
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